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THE BASEMENT MEMBRANE is a dynamic, supramolecular scaffold of structural molecules. Interaction of the basement membrane with transmembrane molecules provides environmental information that can modulate cell behavior by inducing intracellular signaling. The most abundant basement membrane components are collagen IV and laminin, which form a polymeric network (3) . Interaction of the cell with specific components of the basement membrane is an important factor that contributes to a cell's phenotype (24) .
Our laboratory studies how basement membrane changes influence the retinal pigment epithelial (RPE) cell mRNA phenotype. Alteration in basement membrane composition, such as the deposition of lipids, formation of advanced glycation end products, or oxidative stress-related changes, could influence the RPE cell. Likewise, an increase in matrix proteins such as fibronectin and collagen I has been observed with aging in the RPE basement membrane (20, 21) , which could also change the cellular phenotype. Before the impact of these alterations can be understood, the contribution of normal matrix proteins on the RPE mRNA phenotype must first be established. A number of different matrices, such as Matrigel, collagen IV, or laminin, induce a morphologic phenotype that simulates cells in vivo (10, 25) and are a logical starting point to assess the effect of matrix proteins on the mRNA phenotype of cells.
We hypothesize that normal constituents of the basement membrane induce an mRNA phenotype of cultured RPE cells that approximates native cells. Culture conditions, however, can be a potential confounding influence the cell's phenotype. The effect of culture conditions on the mRNA phenotype is essentially unknown. In this study, we measured the mRNA phenotype of RPE cells grown on different matrices to determine the matrix condition that most closely simulated native RPE, and we assessed the degree of artifact induced by in vitro conditions from this analysis.
MATERIALS AND METHODS
Cell culture. The routine maintenance of the established, nonimmortalized human RPE cell line ARPE-19 has been previously described (14) . For experiments, 35-mm culture dishes were coated with different matrix preparations. Human fibronectin (25 g; BD Biosciences, Bedford MA) was incubated at room temperature for 1 h, human collagen, type I (10 g in 10 mM acetic acid; Calbiochem, San Diego, CA), was incubated at room temperature for 2 h, mouse collagen IV (50 g in 0.05 N HCl; BD Biosciences) was incubated at room temperature for 1 h, and mouse laminin (50 g in serum-free DMEM; BD Biosciences) was incubated for 1 h, all as recommended by the manufacturer. Growth factor reduced Matrigel (1:16 dilution in DMEM; BD Biosciences) was incubated for 1 h at 37°C using our previously published protocol (15) . ARPE-19 cells were seeded at 100,000 cells/cm 2 in 35-mm dishes in DMEM with 15 mM HEPES buffer (BioWhittaker, Walkersville, MD) and 10% fetal bovine serum (FBS; UBI Upstate, Lake Placid, NY) and 2 mM L-glutamine solution (GIBCO-BRL, Life Technologies, Gaithersburg, MD) on the chosen matrix at 37°C for 1 wk, and serum was withdrawn in DMEMϩ1% bovine serum albumin (BSA) for 3 days to make ARPE-19 cells quiescent (14) .
Preparation of tissue. Three eye globes from donors aged 63, 71, and 74 yr old were obtained from National Disease Research Interchange (NDRI, Philadelphia, PA) with a death-to-enucleation time within 4.5 h (Table 1) . Based on the report by Johnston et al. (18) , which found that premorbid conditions, such as rapidity of death, were the greatest influencing factor in RNA quality, we used globes where the donors were on life support for Ͻ24 h. The anterior segment was removed, and inspection with a dissecting microscope revealed a normal posterior pole for each globe. Using RNase-free conditions, a 6 ϫ 6-mm macular calotte that included the optic nerve was cryoprotected using the technique of Barthel and Raymond (4) with slight modification. Briefly, calottes were rinsed three times in 1ϫ PBS containing 5% sucrose (wt/vol) for 10 min at 4°C. Calottes were progressively infiltrated with sucrose by 30- Laser-capture microdissection. Native RPE cells were removed from cryosections using an Arcturus PixCell II laser-capture microdissector (LCM; Arcturus Engineering, Mountain View, CA) with LCM transfer film (Cap-Sure TF-100; Arcturus Engineering) using our previously published protocol (6) . Typically, a 7.5-m spot size, 50-s pulse duration, and 75-mW power was necessary to cleanly dissect the cell of interest off of the tissue section. After dissection, the transfer cap was inspected with the microscope for contaminating tissue before being placed in 200 l denaturing buffer that contained 4 M guanidine isothiocyanate, 0.02 M sodium citrate, 0.5% sarcosyl, and 1.6 l ␤-mercaptoethanol (14.5 M; Qiagen, Valencia, CA).
RNA extraction. Total RNA was extracted from laser-captured native RPE cells using the RNeasy Mini-kit (Qiagen, Valencia, CA) according to the manufacturer's recommendations. Total RNA, which was treated with DNase I (Qiagen) during RNA extraction, was eluted from the column in 30 l RNase-free water. For laser-captured cells, before synthesizing probe, RNA quality was assessed by the expression of GAPDH from 100 cells using real-time RT-PCR with primers designed at the 5Ј end of gene.
Probe synthesis. Total RNA from 5,000 ARPE-19 or native RPE cells was reverse transcribed in the presence of 50 Ci [ 33 P]dCTP and 50 Ci [ 33 P]dATP with 0.5 g oligo dT according to a modified method of Sgroi et al. (26) . To facilitate dissociation of reverse transcriptase from the newly synthesized first-strand cDNA, 1.5 g T4 gene 32 protein (Ambion, Austin, TX) was added to the reaction mixture with 1 l Sensiscript RT (Qiagen) (6) and incubated at 37°C for 90 min. The second strand was synthesized in the presence of 50 Ci [ 33 P]dCTP and 50 Ci [ 33 P]dATP, 500 ng random hexamers, and 20 U Klenow fragment (GIBCO-BRL) at room temperature for 90 min. The probe was purified by passage through a Bio-Spin 6 chromatography column (Bio-Rad Laboratories, Hercules, CA). CCT GAG GAT CCC GAG TAT CA  168  Ribosomal protein L31  CAT GGA GTG GGC TTC AAG A  TTC GGT ATG GCA CAT TCC TT  151  Keratin 13  TCC GGG ACA AGA TCC T  CCT GGT TGC TAA ATT CCT  276  Cell death-regulatory protein (GRIM-19)  ACC GGA AGT GTG GGA TAC TG  GCT CAC GGT TCC ACT TCA TT  194  Epidermal growth factor receptor  CAG CGC TAC CTT GTC ATT CA  TGC ACT CAG AGA GCT CAG GA  195 Microarray analysis. The labeled, double-stranded cDNA was denatured and hybridized to the cDNA GeneFilter "Named genes" human array (4,325 genes; Invitrogen/Research Genetics, Huntsville, AL) using the manufacturer's protocol. This array contains known genes that are an insert DNA from a sequence-verified IMAGE/LLNL clone from the 3Ј end of the gene. Arrays were exposed for 3 days to a high-density phosphor imaging screen (Bio-Rad Laboratories) and scanned at 50 m resolution in a phosphor imaging instrument (FX Pro-Plus, Bio-Rad Laboratories). Lee et al. (19) have demonstrated that at least three replicate experiments are necessary to obtain consistent and reliable findings using cDNA microarrays. Thus, for each condition, three independent experiments were performed.
Image and statistical analysis. The tiff images acquired from the phosphor imaging instrument were imported into the image analysis software (Pathways 3, Invitrogen/Research Genetics). This software aligns the images, quantifies a signal intensity for each gene, and when comparing images, normalizes the different hybridization signals on the basis of the 75% of the average signal intensity of the entire array. An individual gene was "expressed" if the signal intensity was Ն1.4 fold above background (1) in at least two of three experiments.
To allow statistical comparison of the arrays, the gene expression signals were scaled according to the method of Tusher et al. (30, 32) that we have previously used. A reference data set was generated using the average expression of each gene from all arrays. The data for each hybridization were compared with this reference data set in a cube root scatter plot, and intensity values for each gene were then corrected with this "scaling factor."
Hierarchical cluster analysis of native RPE cells and the ARPE-19 cells under different culture conditions was determined with Cluster using average linkage clustering and visualized with TreeView (11) . Significance analysis of microarrays (SAM; version 1.12) was used to determine gene expression differences by culture condition compared with native cells (30) .
The microarray data appears on the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) web site (http://www.ncbi.nlm.nih.gov/geo/) using the platform number GPL538 and the series accession number GSE741.
Real-time RT-PCR. An aliquot (1 ng) of total RNA used for microarray analysis was mixed in a volume of 20 l that included 0.5 l (0.5 g/l) oligo dT (Qiagen) and 0.75 l T4 gene 32 protein (1.5 g; Ambion, Austin, TX) at 70°C for 10 min, chilled on ice for 2 min, and reverse transcribed with Sensiscript (1 l; Qiagen) in the presence of dNTP, RNase inhibitor, DTT inhibitor at 37°C for 60 min, 93°C for 5 min, and then 4°C. The first-strand cDNA was assayed using the LightCycler apparatus (Roche Diagnostics, Nutley, NJ). The primer sequences were designed to span consecutive exons using Primer3 (Whitehead Institute/MIT, Cambridge, MA) or the LightCycler Probe Design software. Sequences were verified using NCBI UniGene ( Table 2 ). The standard curve consisted of PCR products (serial dilutions of 1-10 Ϫ6 pg) using total RNA from ARPE-19 cells that were amplified from the same primer set for the specific gene of interest. The PCR products were separated on a TAE agarose gel, removed, and purified using the QIAEX II gel extraction kit (Qiagen). Thermocycling of each reaction was performed in a final volume of 20 l containing SYBR Green PCR Master Mix (10 l; Qiagen), primers A and B (10 M each), and 2 l template DNA in a concentration of 2.5 mM MgCl2. PCR products were quantified using the second derivate maximum values calculated by the Light-Cycler analysis software. Negative controls without template were produced for each run. Expression levels of all genes were normalized to acidic ribosomal phosphoprotein mRNA levels (28) . All PCR products were checked by melting point analysis. The Student's t-test was used to compare the differential gene expression between conditions. P Ͻ 0.05 was considered significant. Figure 1 demonstrates the typical appearance of macular RPE cells that were laser-capture microdissected. The cells appeared morphologically normal and were attached to an unthickened Bruch's membrane. Confluent ARPE-19 cells, which had uniform morphology, did not vary in appearance with matrix condition (Fig. 2) . Figure 3 shows the scatter plots of microarray analysis for pairwise comparison of native RPE from three donors. The R 2 values ranged from 0.944 to 0.966 for all comparisons. Similar agreement was seen for the cultured cells grown on the different matrix proteins (data not shown).
RESULTS

Expression profile of morphologically normal RPE cells overlying unthickened Bruch's membrane and ARPE-19 cells.
Using our criterion for expression, we found that the number of genes expressed by native RPE was 2,996 genes (69%). The number of genes expressed by ARPE-19 cells varied with the matrix condition. The number of genes expressed by cultured RPE cells ranged from 2,219 (51%; Matrigel), 2,224 (51%; plastic), 2,502 (58%; collagen I), 3,139 (73%; fibronectin), 3,599 (83%; laminin), and 3,850 (89%; collagen IV). Table 3 shows the 50 most highly expressed genes by morphologically normal native RPE. The majority of these genes are functionally related to cell shape/cytoskeleton, cell cycle/proliferation/apoptosis, and protein homeostasis (synthesis, processing and degradation). Of the 50 genes most highly expressed by native RPE, 66-84% of these genes were in the 50 most highly expressed genes by RPE cells grown on different matrices. All of the 50 most highly expressed genes, however, were expressed within the top 135 most highly expressed genes of cultured RPE cells, regardless of culture condition. Figure 4 shows the within group expression differences of the top 50 expressed genes for each condition. Table  4 lists the 50 genes with the lowest expression by native RPE cells. With this gene set, RPE cells grown on laminin (94%), fibronectin (96%), and collagen IV (86%) had a higher percentage of genes expressed than cells grown on Matrigel (68%), plastic (44%), or collagen I (48%).
Proximity of cultured cells to native RPE by cluster analysis. Unsupervised cluster analysis was performed to determine the effect of different matrix proteins on the mRNA phenotype of ARPE-19 cells and to determine which condition most closely approximates morphologically normal, native RPE cells. Several supervised cluster analysis approaches were utilized to determine whether the culture condition that most closely produced that of native RPE changed. Using unpaired twoclass SAM analysis with a moderately stringent false discovery rate (FDR) of 5% and a twofold differential expression ratio threshold, 950 genes were identified as potentially differentially expressed between native RPE and cultured cells (all matrix conditions combined). As shown in Figure 6 , supervised cluster analysis of this gene set was similar to the unsupervised approach with cells grown on plastic again, clustering closest to native RPE cells. A dendrite now shows that the mRNA phenotypes of cells grown on collagen IV and laminin were more similar than cells grown on fibronectin. Supervised cluster analysis using 510 genes involved in differentiation (Fig. 7) , 308 genes related to cell-matrix interaction (data not shown), and 167 genes from the native RPE library of Buraczynska et al. (7) (data not shown) yielded a similar clustering pattern for the arrays as the gene set from the unpaired two-class SAM analysis. Cells grown on plastic had the closest expression profile to native macular RPE cells. Cells grown on collagen IV and laminin displayed similar expression profiles and were different from cells grown on collagen I.
Proximity of cultured RPE cells to native macular RPE by SAM analysis.
Several methods were used to assess the similarity of expression profiles between native RPE and RPE cells in vitro grown on different matrix proteins. The expression profiles of RPE cells grown on plastic and collagen IV were used in this assessment, since their expression profiles were distinct from each other, and they had relatively similar and dissimilar profiles, respectively, to native RPE. First, the number of genes that native RPE expressed was determined for RPE cells grown on plastic and collagen IV. RPE cells grown on plastic and collagen IV expressed 91% and 97% of the genes, respectively, which were expressed by native RPE. Second, 2,080 genes on the array were not expressed by native RPE. Of these genes, 337 (16.2%) genes were expressed by RPE cells grown on plastic. The functional categories of the genes expressed by cells grown on plastic, but not native RPE, include signal transduction (20%), metabolism (13.6%), transcription factors/DNA binding (10%), protein processing (9%), and cytoskeleton/cell shape (6%). Of the genes not expressed by native RPE, 1,081 genes (52.8%) were expressed by cells grown on collagen IV. The functional categories of genes expressed by cells grown on collagen IV, but not native RPE, included signal transduction (20%), metabolism (14.5%), protein processing (12.8%), transcription factors/DNA binding (12.6%), and cytoskeleton/structural (6.3%).
Third, the number of differentially expressed genes between native and RPE cells in vitro was used to assess the proximity of the expression profiles. An FDR Ͻ10% has been recommended as a reliable indicator of statistical precision for studies using human tissue (16) . Two-class unpaired SAM analysis between native RPE and cultured RPE cells (all conditions combined) with an FDR of 9.6% identified 2,161 genes (50% of genes on the array) that were differentially expressed. When native RPE cells were compared with each individual culture condition by SAM, the number of differentially expressed genes ranged from 120 (RPE cells grown on plastic; FDR 9.7%), 433 (cells grown on collagen I; FDR 9.8%), 1,950 (cells grown on collagen IV; FDR 9.7%), 2,405 (cells grown on fibronectin; FDR 9.9%), and 2,588 (cells grown on laminin; FDR 7.3%). Cells grown on Matrigel had significant variation with the lowest FDR of 18%, which identified 581 differentially expressed genes. These results suggest that a significant number of genes are differentially expressed between native and cultured RPE cells.
The function of differentially expressed genes between native RPE and individual culture conditions was a fourth factor used to evaluate the similarity of expression profiles. With SAM, the molecular functional annotation of the 120 genes (FDR 9.7%) that were differentially expressed between native RPE and cells grown on plastic included intracellular signal transduction (22.6%), metabolism (16.5%), cytoskeleton (11.3%), protein processing (11.3%), and transcription factors/ DNA binding (11.3%). Highly stringent conditions using an FDR threshold of 1.5% was performed to identify individual genes that might contribute to differences in mRNA phenotype between these two conditions. This analysis shows that 32 genes were upregulated (Table 5 ) and 18 genes were downregulated (Table 6 ) by native RPE compared with cells grown on plastic. Of these genes, 45% had biological function related to cell cycle/proliferation/apoptosis, and 25% were related to cell shape/differentiation. With an FDR of 9.7%, SAM identified 1,950 potential differentially expressed genes between native RPE and cells grown on collagen IV. The most common molecular functional categories were intracellular signal transduction (17.4%), metabolism (13.4%), protein processing (12.4%), transcription factors (10.2%), and cytoskeleton (6.1%). High-stringency (1% FDR), two-class unpaired SAM, which was used to determine individual differentially expressed genes, found 25 upregulated genes (Table 7 ) and 23 downregulated genes (Table 8) by native RPE cells compared with cells grown on collagen IV. Twenty-nine genes from this list overlapped with differentially expressed genes from those grown on plastic compared with native RPE. As with cells grown on plastic, a large percentage of genes had biological function related to cell cycle/proliferation/apoptosis (44%) and cell shape/differentiation (19%).
Real-time RT-PCR validation. Real-time RT-PCR (n ϭ 3 experiments for each condition) was performed on differentially expressed genes randomly chosen from genes identified by SAM analysis comparing native RPE to cultured RPE (all conditions combined). As seen in Table 9 , the differential expression pattern was similar to the arrays for all five genes and statistically validated for four of the five genes. 
DISCUSSION
The expression profile of uniform, morphologically normal native macular RPE cells that were attached to unthickened Bruch's membrane from human elderly donors illustrate its functional diversity. For example, highly abundant genes included D-dopachrome tautomerase (melanin biosynthesis), cytochrome c oxidase subunit VIIc (respiratory chain/energy production), phosphodiesterase 6H, cGMP-specific, cone, gamma (visual transduction), carbonic anhydrase VA (fluid transport), and glutathione peroxidase 3 (antioxidant defense system). Like Sharon et al. (27) , who used SAGE of native RPE from an 88-yr-old donor, we found a high degree of the most abundant genes that were related to protein synthesis and degradation, possibly due to the high phagocytic activity of RPE. A complete comparison with other libraries is difficult because of array design, small sample size, technique differences, and possible differences in RPE cell heterogeneity. In addition, the impact of the elderly donor age on the expression profile is unknown. Our laboratory is currently evaluating the impact of age on the expression profile of morphologically normal, native RPE.
Our interpretations are based on native RPE dissected from three eyes. This data set had reasonable precision, as evidenced by the pairwise comparison of scatter plots for native RPE (Fig. 3) and SAM analysis, which had FDR values well below the recommended Ͻ10% level for estimating reliable precision on studies using human tissue (16) . The statistical precision allowed us to identify statistically distinct gene sets between different groups. We acknowledge that a larger sample size would provide more power that could expand the statistically relevant genes, and we understand that these results may not be generalizable to all native RPE.
Unamplified RNA was used to synthesize the probes for microarray analysis. We adapted our RNA extraction and reverse transcription protocol of laser-captured cells for RT-PCR to maximize the RNA yield for microarray analysis (6). We optimized a "double labeling" 33 P-labeling system from Sgroi et al. (26) that reduced from 20,000 to 5,000 the cells necessary for microarray analysis. Although an unamplified approach reduces bias that concerns any amplification, radiolabeling is necessary because fluorescent labeling used with cDNA or oligonucleotide arrays requires significantly more probe than what was used with this protocol. This approach also reduces the number of genes that are available to study on the arrays compared with oligonucleotide or cDNA arrays.
ARPE-19 cells grown to confluence are a commonly utilized in vitro approach to study RPE cell behavior because these can have differentiated morphology that simulates RPE cells in vivo (2, 5, 12, 13, 17, 22, 23, 29) . To develop highly differentiated morphology, a long culture time (i.e., 2.5 mo) can be required (2) . We seeded cells at a relatively high density, grew cells until they reached visual confluence, and serum withdrew cells using our previously published protocol to reduce the proliferative stimulus (14) . We wanted a short culture time to limit matrix production by cells so we could assess the effect of the intended matrix protein on the mRNA phenotype. Although cells appeared uniform across different matrix conditions, the expression profiles were different. Cluster analysis identified cells grown on collagen IV, laminin, and fibronectin as similar and distinct from cells grown on collagen I. These results seem logical since collagen IV, laminin, and fibronectin are major components of the RPE basement membrane and Genes names in italics were also differentially expressed by cells grown on plastic and native RPE.
since collagen I, which is not normal component of the basement membrane, is typically found during aging or pathological conditions involving the RPE basement membrane (21) . We were surprised that RPE cells grown on plastic had the closest expression profile to native RPE by cluster analysis, SAM, and the functional profile of differentially expressed genes. With the culture conditions used in this study, we hypothesize that plastic stimulates RPE cells to produce a matrix that is more similar to the basement membrane than the individual matrix proteins used in this study. Campochiaro et al. (8) have shown that cultured RPE cells grown on plastic synthesize a matrix that is similar to its in vivo basement membrane. It is probable that the supramolecular structure of the basement membrane influences the cell's phenotype, which of course would be absent when utilizing individual matrix proteins. A composite of matrix proteins, Matrigel is considered a close in vitro approximation to the basement membrane in vivo (25) . Our experiments produced more expression variability when cells were grown on (growth factor reduced) Matrigel than the other matrix conditions. One explanation for the inconsistent expression profile is the variability in the supramolecular structure from experiment to experiment, which induced a different mRNA phenotype.
Although RPE cells grown on plastic clustered closest to native macular RPE, the criterion that we used suggested that the expression profiles of cultured cells were different from native cells. For example, a significant proportion of genes not expressed by native RPE cells were expressed by cells grown on plastic (16.2%) and collagen IV (52%). Many genes that were differentially expressed between native RPE and cells grown on plastic and collagen IV are involved in signal transduction, transcription factors, and protein processing. The large number of genes related to these molecular functions makes it difficult to predict a specific phenotype, because of the redundancy and complexity of intracellular signaling pathways. Many of these differentially expressed genes are involved in cell cycle/proliferation/apoptosis and cell shape/differentiation. A number of laboratories use RPE Genes names in italics were also differentially expressed by cells grown on plastic and native RPE. Values are means Ϯ SD (laser-capture microdissection/in vitro); n ϭ 3 per condition. *Significant difference. cells in vitro to investigate aging and age-related macular degeneration changes. In the macula, RPE cells undergo apoptosis and morphological deterioration with aging (9, 31) . The overlay of in vitro-induced alterations in the expression of genes related to cell cycle and morphology would make age-related changes difficult to interpret in an in vitro system such as what was used in this study. It is possible to reduce the proliferative stimulus or improve morphology by lengthening the time in culture, but this approach could change the influence of the matrix on the mRNA phenotype. In addition, the stability of the matrix can change over long culture duration. For example, the stability of reconstituted Matrigel is 14 days at 37°C. Other culture conditions are likely to have an influence on the expression profile. In a separate group of experiments, we are currently assessing the effects of culture medium and duration on the expression profile of RPE cells grown on plastic in an attempt to provide a better culture approximation of native RPE. Although our data show that typical basement proteins such as collagen IV, laminin, and fibronectin induce similar mRNA RPE phenotypes, our results also suggest that these phenotypes are different from native RPE. Hence, care must be utilized when interpreting and extrapolating gene expression changes from cultured cells to native RPE.
